Introduction {#s1}
============

Since the pioneering work of the Flexners ([@bib25]), Agranoff ([@bib3]) and their colleagues, it has been widely accepted that memory consolidation---the process by which a labile, short-term memory trace is transformed into a stable, long-term trace ([@bib37]; [@bib51])---requires protein synthesis ([@bib23]; [@bib27]; [@bib30]). Moreover, the protein synthesis underlying memory consolidation has been observed to exhibit a temporal gradient: inhibition of protein synthesis during or shortly after training appears to be maximally disruptive of memory consolidation; significantly less amnesia is caused by protein synthesis inhibition (PSI) that commences approximately an hour or more after training ([@bib23]).

In general, there has been little evidence for a functional distinction with respect to memory consolidation between protein synthesis that occurs during training---hereafter 'early' protein synthesis---and protein synthesis that occurs within the first hour or so after the end of training---hereafter 'late' protein synthesis. Thus, studies have classically observed significant disruptive effects on the consolidation of long-term memory (LTM) whether a protein synthesis inhibitor is applied either immediately prior to, or immediately after, training (e.g., [@bib4]; [@bib8]; [@bib26]). Consequently, both early and late protein synthesis are commonly regarded as participating in a more-or-less unitary consolidative process. In particular, protein synthesis is believed to mediate critical late events in memory consolidation, including late gene transcription via the synthesis of transcription factors, such as the CCAAT/enhancer-binding protein (C/EBP), and the consequent synthesis of proteins involved in the construction of new synaptic connections ([@bib7]; [@bib35]).

One mechanism increasingly implicated in the consolidation of LTM is the epigenetic process of DNA methylation ([@bib38]; [@bib41]; [@bib46]; [@bib49]; [@bib53]; [@bib54]). However, the relationship between protein synthesis and DNA methylation in memory consolidation is unclear. Mechanistically, is protein synthesis upstream or downstream of DNA methylation during consolidation? DNA methylation is usually associated with gene silencing. If DNA methylation is required for the synthesis of necessary consolidative proteins, this would imply that a prerequisite for this synthesis is the silencing of one or more repressor genes. On the other hand, it is possible that activation of DNA methyltransferase (DNMT), the family of enzymes that catalyze the transfer of a methyl group to DNA, during memory consolidation itself depends on protein synthesis. Of course, these two possibilities are not mutually exclusive.

Here, we have examined the potentially distinctive roles of early and late protein synthesis in the consolidation of the LTM for behavioral sensitization in *Aplysia*. In addition, we have tested the effect on memory consolidation of both early and late inhibition of DNA methylation. We find that LTM can be induced by partial training, which is insufficient to induce LTM in naïve (untrained) animals, after the disruption of LTM by late, but not early, administration of a protein synthesis inhibitor. By contrast, both early and late inhibition of DNMT block LTM consolidation as indicated by the preclusion of subsequent memory induction by partial training. These results point to a functional distinction between early and late protein synthesis in memory consolidation, and suggest a potential role for early protein synthesis in DNA methylation. Finally, we show that inhibition of DNMT disrupts not only the consolidation, but also the persistence, of LTM; thus, the maintenance of consolidated LTM requires ongoing DNA methylation.

Results {#s2}
=======

LTM can be induced by truncated sensitization training following amnesia produced by posttraining PSI {#s2-1}
-----------------------------------------------------------------------------------------------------

Animals were given training that induced long-term sensitization (LTS) of the siphon-withdrawal reflex (SWR); this training (hereafter 5X training) consisted of five bouts of tail shocks spaced 20 min apart ([@bib17], [@bib18]; [@bib20]) ([Figure 1](#fig1){ref-type="fig"}). Control animals received no training. Then, \~15 min (range = 10--20 min) after training, trained animals received an intrahemocoelic injection of anisomycin, a protein synthesis inhibitor, or vehicle solution. Control animals received an injection of vehicle solution at the equivalent experimental time. At 24 h after training the duration of the SWR was tested in all the animals (24-h posttest), after which two of the groups---the control group (Control-Veh-3XTrained) and a group that had received the long-term training plus the posttraining injection of anisomycin (5XTrained-Aniso-3XTrained) were given additional sensitization training, which consisted of three bouts of tail shocks spaced 20 min apart. Previously, we found that this training (hereafter 3X training), which is insufficient to induce LTM in naïve animals, can successfully reinstate LTM following its disruption by inhibition of PKM Apl III---the *Aplysia* homolog of PKMζ ([@bib15], [@bib14])---or memory reconsolidation blockade ([@bib20]). All the groups, including the two that received the 5X training but not the 3X training (5XTrained-Veh and 5XTrained-Aniso groups), were given another test at 48 h after training or at the equivalent experimental time (48-h posttest).10.7554/eLife.18299.003Figure 1.LTS can be established by truncated training following its disruption by posttraining PSI.(**A**) Experimental protocols. The times of the pretests, training, posttests, and drug/vehicle injections are shown relative to the end of the fifth bout of sensitization training (time = 0). The time of the intrahemocoelic injection of anisomycin or vehicle is indicated by the red arrow. After the 24-h posttest, animals in the Control-Veh-3XTrained and 5XTrained-Aniso-3XTrained groups received truncated sensitization training (3 bouts of tail shocks). (**B**) The mean duration of the SWR measured at 24 h and 48 h for the Control-Veh-3XTrained (*n* = 7), 5XTrained-Veh (*n* = 6), 5XTrained-Aniso (*n* = 5), and 5XTrained-Aniso-3XTrained (*n* = 6) groups. A repeated-measures ANOVA indicated that there was a significant group x time interaction (F~\[6,40\]~ = 210.9, p \< 0.0001). Subsequent planned comparisons indicated that the overall differences among the four groups were highly significant on all of the posttests (24 h, F~\[3,20\]~ = 456.7, p \< 0.0001; and 48 h, F~\[3,20\]~ = 250.6, p \< 0.0001). SNK posthoc tests revealed that the initial sensitization training produced significant LTS, as indicated by the increased mean duration of the SWR, in the 5XTrained-Veh group (56.7 ± 2.2 s) at 24 h compared with that in the Control-Veh-3XTrained (1.9 ± 0.9 s, p \< 0.001). The mean duration of the SWR in the 5XTrained-Veh group at 24 h was also significantly longer than that in the 5XTrained-Aniso (1.4 ± 0.4 s, p \< 0.001), and 5XTrained-Aniso-3XTrained groups (1.7 ± 0.7 s, p \< 0.001). The differences among the Control-Veh-3XTrained, 5XTrained-Aniso and 5XTrained-Aniso-3XTrained groups were not significant at 24 h. The mean duration of the SWR in the 5XTrained-Veh group (58.2 ± 1.8 s) was still protracted at 48 h, and was significantly longer than that in the Control-Veh-3XTrained group (1.1 ± 0.2 s), as well as that in the 5XTrained-Aniso group (1.2 ± 0.2 s, p \< 0.001 for both comparisons). LTS was induced in the 5XTrained-Aniso-3XTrained group by the three additional tail shocks applied after the 24-h posttest. The mean duration of the SWR in this group at 48 h was 49.7 ± 3.4 s, which was significantly longer than that for the Control-Veh-3XTrained group. In addition, the mean duration of the reflex in the 5XTrained-Aniso-3XTrained group was longer than that in 5XTrained-Aniso group, but still significantly shorter than that in the 5XTrained-Veh group at 48 h (p \< 0.01). *Asterisks,* comparisons of the 5XTrained-Veh group with the Control-Veh-3XTrained group, the 5XTrained-Aniso group, and 5XTrained-Aniso-3XTrained group at 24 h; and comparisons of the 5XTrained-Veh group with the Control-Veh-3XTrained group and the 5XTrained-Aniso group at 48 h. *Pound signs*, comparison of the 5XTrained-Veh with the 5XTrained-Aniso-3XTrained group at 48 h. *Plus signs*, comparisons of the 5XTrained-Aniso-3XTrained group with the Control-Veh-3XTrained and 5XTrained-Aniso groups at 48 h. Here and in subsequent figures one symbol indicates p \< 0.05; two symbols, p \< 0.01; and three symbols, p \< 0.001. Error bars in this and subsequent figures represent ± SEM.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.003](10.7554/eLife.18299.003)

The group given 5X training followed by vehicle injection (5XTrained-Veh group) exhibited significant sensitization at 24 h after training compared with the two groups that received the 5X training followed by anisomycin injection (5XTrained-Aniso and 5XTrained-Aniso-3XTrained groups), and with the control group (Control-Veh-3XTrained). The subsequent 3X training produced LTS in the 5XTrained-Aniso-3XTrained group, as shown by the results for the 48-h posttest. (Notice that the 3X training did not induce LTS in animals that did not receive prior 5X training.) Thus, although posttraining PSI produced complete amnesia for sensitization at 24 h, it did not preclude the subsequent establishment of LTS by partial training.

Previous work ([@bib50]) examined the effect of PSI at various times after training on serotonin (5HT)-dependent, long-term facilitation (LTF) of the sensorimotor synapse in dissociated cell culture, an in vitro homolog of LTS in *Aplysia* ([@bib34]). This work demonstrated that LTF, tested at 24 h after training, was disrupted by anisomycin applied during a 3-h period that extended from 1 h before the onset of spaced 5HT training through 0.5 h after training ([@bib50]). (The 5HT training lasted 1.5 h.) By contrast, a 3-h period of anisomycin treatment beginning at either 0.5 h or 4 h after the end of 5HT training did not block LTF. Considering our behavioral results (above), we wished to determine whether exposure to a protein synthesis inhibitor immediately after 5HT training would disrupt LTF at 24 h and, if so, whether LTF could subsequently be induced by partial training. Accordingly, some sensorimotor cocultures were treated with anisomycin (10 µM, 2 h) immediately after training with five 5-min pulses of 5HT (100 µM; 5X5HT training), spaced at 15-min intervals ([@bib16]; [@bib20]) ([Figure 2A](#fig2){ref-type="fig"}). To test whether LTF could be induced by partial training following its potential disruption by posttraining anisomycin treatment, three spaced pulses of 5HT (3X5HT training) were used. The experiment included a group of cocultures (5X5HT group) that received the full 5HT training, but not the posttraining anisomycin, as well as a group (Control) that received neither the 5HT nor the posttraining anisomycin. Finally, there was a group (3X5HT) that received the three pulses of 5HT at 24 h, but not the initial 5X5HT training. (Cocultures not treated with a drug at a particular point in the experiment were treated with standard perfusion medium instead.) The application of anisomycin immediately after the 5X5HT training blocked LTF at 48 h (5X5HT-Aniso group; [Figure 2B,C](#fig2){ref-type="fig"}). However, three pulses of 5HT applied 24 h after the original 5HT training and subsequent PSI induced LTF at 48 h (5X5HT-Aniso-3X5HT group). Notice that the mean EPSP in the 5X5HT-Aniso-3X5HT group was not significantly different from that in the 5X5HT group, which indicates that the supplemental partial training induced normal LTF. These cellular results accord with our behavioral finding that, although immediate posttraining PSI disrupts the consolidation of LTM, later abbreviated training can result in full LTM. [@bib50] observed significant LTF when cocultures were treated with anisomycin for 3 h, and even for 22 h, beginning 0.5 h after the end of 5X5HT training; the present results, taken together with those of Montarolo et al., indicate that protein synthesis during a period of 30 min or so immediately following the 5X5HT training is critical for the normal consolidation of LTF in *Aplysia*.10.7554/eLife.18299.004Figure 2.Partial training induces LTF following its disruption by PSI immediately after long-term training.(**A**) Experimental protocols. The initial training consisted of five 5-min pulses of 100 µM 5HT (5X5HT) spaced at 15-min intervals. Cocultures in the 5X5HT-Aniso and 5X5HT-Aniso-3X5HT groups were treated with anisomycin (10 µM, red bar) for 2 h immediately after the 5X5HT training. Three 5-min pulses of 5HT (100 µM; 3X5HT training) were given to cocultures in the 5X5HT-Aniso-3X5HT group at 24 h after 5X5HT training, as well as to cocultures in the 3X5HT group at the equivalent experimental time. (**B**) Sample EPSPs. Each pair of traces shows EPSPs recorded from the same coculture on the pretest and posttest. Scale bars: 10 mV, 100 ms. (**C**) Graph presenting the mean normalized EPSPs, measured at 48 h, for the five experimental groups: Control (*n* = 13), 3X5HT (*n* = 12), 5X5HT (*n* = 16), 5X5HT-Aniso (*n* ﻿= 12), and 5X5HT-Aniso-3X5HT (*n* = 7). A one-way ANOVA indicated that the overall differences among the five groups were highly significant (F~\[4,55\]~ = 7.9, p \< 0.0001). SNK posthoc tests showed that the mean normalized EPSP in the 5X5HT group (216.6% ± 30.6%) at 48 h was significantly larger than that in the Control (113.1% ± 11.1%, p \< 0.01), 3X5HT (90.8% ± 17.9%, p \< 0.001), and 5X5HT-Aniso (76.1% ± 16.4%, p \< 0.001) groups. The mean normalized EPSP in the 5X5HT-Aniso-3X5HT group (196.5% ± 26.8%) was also significantly larger than that in the Control (p \< 0.05), 3X5HT (p \< 0.05), and 5X5HT-Aniso (p \< 0.05) groups. None of the other differences among the groups was significant.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.004](10.7554/eLife.18299.004)

Amnesia produced by PSI during training cannot be subsequently reversed by partial training {#s2-2}
-------------------------------------------------------------------------------------------

[@bib19] found that PSI during the original period of sensitization training produced amnesia. We wished to determine whether LTM could be induced by partial training following its disruption by PSI during sensitization training. Accordingly, we performed an experiment using the identical protocol as that shown in [Figure 1](#fig1){ref-type="fig"}, except that the animals received an injection of either anisomycin or vehicle \~15 min before the onset of the 5X training ([Figure 3](#fig3){ref-type="fig"}). The 5X training induced LTM at the 24-h posttest in animals given the vehicle (Veh-5XTrained group), but not in animals given anisomycin (Aniso-5XTrained and Aniso-5XTrained-3XTrained groups) prior to training. Furthermore, 3X training did not produce LTM in animals that received the protein synthesis inhibitor prior to 5X training, as indicated by the lack of sensitization in the Aniso-5XTrained-3XTrained group at 48 h. In contrast to posttraining PSI, therefore, PSI during training prevented induction of LTM by the supplemental truncated training.10.7554/eLife.18299.005Figure 3.LTS cannot be induced by partial training when PSI occurs during the original (5X) sensitization training.(**A**) Experimental protocols. The times at which the pretests, training, posttests, and drug/vehicle injections occurred are shown relative to the end of the last training session. The red arrow indicates when either anisomycin or vehicle was injected into the hemocoel. (**B**) The mean duration of the SWR measured at 24 h and 48 h for the Veh-Control-3XTrained (*n* = 5), Veh-5XTrained (*n* = 8), Aniso-5XTrained (*n* = 6), and Aniso-5XTrained-3XTrained (*n* = 6) groups. A repeated-measures ANOVA showed a significant group x time interaction (F~\[6,42\]~ = 40.9, p \< 0.0001). Planned comparisons indicated that the group differences were highly significant for both 24-h (F~\[3,21\]~ = 43.9, p \< 0.0001) and 48-h (F~\[3,21\]~ = 45.4, p \< 0.0001) posttests. SNK posthoc tests revealed that the 5X training produced sensitization of the SWR in the Veh-5XTrained group (mean duration = 50.1 ± 5.6 s) at 24 h compared with the results for the Veh-Control-3XTrained group (mean duration of the SWR = 1.4 ± 0.4 s, p \< 0.001). In addition, the SWR in the Veh-5XTrained group was significantly longer than that in the Aniso-5XTrained group (2.2 ± 1.2 s, p \< 0.001) and the Aniso-5XTrained-3XTrained group (4.0 ± 2.3 s, p \< 0.001). The differences among the Veh-Control-3XTrained, Aniso-5XTrained, and Aniso-5XTrained-3XTrained groups were not significant at 24 h. The SWR in the Veh-5XTrained group (mean duration = 49.8 ± 5.8 s) remained sensitized at 48 h, as indicated by the comparison with the reflex in the Veh-Control-3XTrained group (mean duration = 1.2 ± 0.2 s). The SWR was also significantly prolonged in the Veh-5XTrained group compared with that in the Aniso-5XTrained group (mean duration = 2.0 ± 1.0 s, p \< 0.001 for both comparisons). The three tail shocks applied after the 24-h posttest did not establish LTS in the Aniso-5XTrained-3XTrained group. The mean duration of the SWR in this group at 48 h was 2.2 ± 1.2 s, which was not significantly different from that in the Veh-Control-3XTrained and Aniso-5XTrained groups. The SWR of the Veh-5XTrained group at 48 h was significantly longer than that in the Aniso-5XTrained-3XTrained group (p \< 0.001). *Asterisks,* comparisons of the Veh-5XTrained group with the Veh-Control-3XTrained group, the Aniso-5XTrained group, and the Aniso-5XTrained-3XTrained group.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.005](10.7554/eLife.18299.005)

Inhibition of DNA methyltransferase, whether during or shortly after training, causes irreversible amnesia {#s2-3}
----------------------------------------------------------------------------------------------------------

Why should PSI during training be so devastating for the consolidation of LTM? An intriguing possibility is that PSI during training obstructs DNA methylation required for memory consolidation. To test this possibility, we performed experiments in which the DNA methyltransferase (DNMT) inhibitor RG108 was injected into animals just before the onset of 5X training ([Figure 4](#fig4){ref-type="fig"}). DNMT inhibition during 5X training resulted in amnesia at 24 h and 48 h posttraining (comparison of the Veh-5XTrained group with the RG-5XTrained group); furthermore, subsequent 3X training did not induce LTM, as shown by the 48-h data (comparisons of the RG-5XTrained-3XTrained group with the Veh-5XTrained and Veh-Control-3XTrained groups).10.7554/eLife.18299.006Figure 4.DNMT inhibition during the original (5X) sensitization training precludes the ability of subsequent partial training to induce LTS.(**A**) Experimental protocol. The times of occurrence of the pretests, training, posttests, and drug/vehicle injections are shown relative to the end of the last training session. Either RG108 or vehicle was injected into the hemocoel at the time indicated by the red arrow. (**B**) The mean duration of the SWR measured at 24 h and 48 h for the Veh-Control-3XTrained (*n* = 7), Veh-5XTrained (*n* = 7), RG-5XTrained (*n* = 8), and RG-5XTrained-3XTrained (*n* = 7) groups. A repeated-measures ANOVA indicated that there was a significant group x time interaction (F~\[6,50\]~ = 73.6, p \< 0.0001). Subsequent planned comparisons showed that the overall differences among the four groups for the 24-h and 48-h posttests were highly significant (24 h, F~\[3,25\]~ = 197.9, p \< 0.0001; and 48 h, F~\[3,25\]~ = 82.8, p \< 0.0001). As revealed by SNK posthoc tests, the SWR exhibited sensitization at 24 h in the Veh-5XTrained group (mean duration = 54.0 ± 3.4 s) compared with that in the Veh-Control-3XTrained group (mean duration = 1.3 ± 0.3 s, p \< 0.001). The differences in duration of the SWR at 24 h among the Veh-Control-3XTrained, RG-5XTrained (3.6 ± 1.3 s), and RG-5XTrained-3XTrained (1.9 ± 0.6 s) groups were not significant. Sensitization of the SWR was maintained in the Veh-5XTrained group (mean duration of the reflex = 55.3 ± 3.6 s) at 48 h, as shown by the comparison with the Veh-Control-3XTrained group (mean duration of the reflex = 1.6 ± 0.6 s, p \< 0.001). There were no significant differences among the Veh-Control-3XTrained, RG-5XTrained (mean duration of the SWR = 3.1 ± 1.2 s), and RG-5XTrained-3XTrained (mean duration of the SWR = 5.7 ± 4.4 s) groups at 48 h, indicating that the three additional bouts of tail shocks given to the latter group after the 24-h posttest failed to induce LTS. *Asterisks,* comparisons of the Veh-5XTrained group with the Veh-Control-3XTrained group, the RG-5XTrained group, and the RG-5XTrained-3XTrained group.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.006](10.7554/eLife.18299.006)

Next we examined whether DNMT inhibition that commenced after long-term training caused amnesia and, if so, whether subsequent abbreviated training resulted in LTM. Accordingly, we performed an experiment like the previous one, except that RG108 was injected into some animals 10--20 min after, rather than before, 5X training ([Figure 5](#fig5){ref-type="fig"}). Posttraining DNMT inhibition, like pretraining DNMT inhibition, blocked the consolidation of LTM, as shown by the absence of LTS at 24 h and 48 h (comparisons of the 5XTrained-Veh group with the Control-Veh-3XTrained and 5XTrained-RG groups). In addition, supplemental 3X training following posttraining DNMT inhibition did not induce LTM (comparisons of the 5XTrained-RG-3XTrained group with the 5XTrained-Veh and Control-Veh-3XTrained groups).10.7554/eLife.18299.007Figure 5.Posttraining inhibition of DNMT precludes later induction of LTS by partial training.(**A**) Experimental protocol. The times at which the pretests, training, posttests, and drug/vehicle injections occurred are shown relative to the end of the last training session. The time of the intrahemocoelic injection of either RG108 or vehicle is indicated by the red arrow. After the 24-h posttest, animals in the Control-Veh-3XTrained and 5XTrained-RG-3XTrained groups received 3X sensitization training. (**B**) The mean duration of the SWR measured at 24 h and 48 h for the Control-Veh-3XTrained (*n* = 8), 5XTrained-Veh (*n* = 8), 5XTrained-RG (*n* = 7), and 5XTrained-RG-3XTrained (*n* = 6) groups. A repeated-measures ANOVA showed that the group x time interaction was significant (F~\[6,50\]~ = 64.7, p \< 0.0001). The overall differences among the four groups for the 24-h and 48-h posttests were highly significant, as indicated by a one-way ANOVA (24 h, F~\[3,25\]~ = 82.6, p \< 0.0001; and 48 h, F~\[3,25\]~ = 69.2, p \< 0.0001). SNK posthoc tests revealed significantly greater sensitization in the 5XTrained-Veh group at 24 h (mean duration of the SWR = 53.1 ± 5.1 s) than in the Control-Veh-3XTrained group (mean duration of the SWR = 2.1 ± 0.9 s, p \< 0.001). The differences among the 5XTrained-RG (mean duration of the SWR = 1.7 ± 0.7 s), 5XTrained-RG-3XTrained (mean duration of the SWR = 2.2 ± 0.7 s), and Control-Veh-3XTrained groups at 24 h were not significant. Sensitization persisted in the 5XTrained-Veh group at 48 h (mean duration of the SWR = 48.3 ± 5.0 s) compared with the Control-Veh-3XTrained group (mean duration of the SWR = 1.6 ± 0.3 s, p \< 0.001). The failure of the 3X training to induce sensitization in the 5XTrained-RG-3XTrained group was shown by the lack of significant differences between this group (mean duration of the SWR = 2.8 ± 1.2 s) and the Control-Veh-3XTrained group at 48 h. There was also no significant difference between the mean duration of the reflex in the 5XTrained-RG-3XTrained group and that in the 5XTrained-RG (2.3 ± 1.0 s) group at 48 h. *Asterisks,* comparisons of the 5XTrained-Veh group with the Control-Veh-3XTrained group, the 5XTrained-RG group, and the 5XTrained-RG-3XTrained group.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.007](10.7554/eLife.18299.007)

Inhibition of DNA methyltransferase eliminates consolidated LTM {#s2-4}
---------------------------------------------------------------

The failure of partial training to induce LTM following posttraining RG108 treatment, coupled with its ability to establish LTM following posttraining PSI, suggests that DNA methylation is a prerequisite for the establishment of the occult priming trace accessed by partial training after posttraining PSI. To examine this possibility, we gave animals long-term behavioral sensitization training and then administered the DNMT inhibitor 24 h after training ([Figure 6](#fig6){ref-type="fig"}). All animals that received the 5X training exhibited LTS at 24 h (5XTrained-Veh, 5XTrained-RG and 5XTrained-RG-3XTrained groups), as indicated by the comparison with the control group (Control-Veh-3XTrained). LTS was also present at 48 h in animals that received the original long-term training and an injection of the vehicle after the 24-h test (5XTrained-Veh group), but not in animals that received the 5X training and an injection of RG108 at 24 h (5XTrained-RG and 5XTrained-RG-3XTrained groups). Moreover, truncated training did not restore LTM in the RG108-treated animals (comparison between the Control-Veh-3XTrained and 5XTrained-RG-3XTrained groups). An additional experiment using a different DNMT inhibitor---5-azacytidine (5-aza)---yielded identical results ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}).10.7554/eLife.18299.008Figure 6.Inhibition of DNMT with RG108 eliminates established LTS in *Aplysia*.(**A**) Experimental protocol. The occurrences of the pretests, training, posttests, and drug/vehicle injections are shown relative to the end of the last training session. Either RG108 or vehicle was injected into the animals at the time indicated by the red arrow. After the 48-h posttest, animals in the Control-Veh-3XTrained and 5XTrained-RG-3XTrained groups received 3 bouts of sensitization training. (**B**) RG108 treatment at 24 h after training abolished LTS. There were four experimental groups: Control-Veh-3XTrained group (*n* = 6), 5XTrained-Veh group (*n* = 6), 5XTrained-RG group (*n* = 6), and 5XTrained-RG-3XTrained group (*n* = 6). A repeated-measures ANOVA disclosed a significant group x time interaction (F~\[9,60\]~ = 22.9, p \< 0.0001). Subsequent planned comparisons showed that the overall differences among the four groups for the 24-, 48- and 72-h posttests were highly significant (24 h, F~\[3,20\]~ = 13.8, p \< 0.0001; 48 h, F~\[3,20\]~ = 28.6, p \< 0.0001; and 72 h, F~\[3,20\]~ = 27.9, p \< 0.0001). Animals in all three groups trained with five bouts of tail shocks exhibited significant sensitization at 24 h, as indicated by SNK posthoc tests. Thus, the mean SWR was longer in the 5XTrained-Veh (45.7 ± 6.9 s), 5XTrained-RG (42.2 ± 6.7 s), and 5XTrained-RG-3XTrained (47.5 ± 6.5 s) groups than that in the Control-Veh-3XTrained group (2.0 ± 0.7 s; p \< 0.001 for each comparison). However, although the 5XTrained-Veh group exhibited significant sensitization on both the 48-h (mean SWR = 43.7 ± 7.6 s) and 72-h (mean SWR = 41.0 ± 7.3 s) posttests, sensitization was absent in both groups of RG108-treated animals after 24 h. Posthoc tests revealed no significant differences for any of the comparisons between the Control-Veh-3XTrained group and the 5XTrained-RG group, or the 5XTrained-RG-3XTrained group, on the posttests after 24 h. Therefore, inhibiting DNMT with RG108 24 h after training erased established LTS. There was no evidence of spontaneous recovery of sensitization over the 48-h period after RG108 injection; furthermore, three additional bouts of training failed to reinstate LTS. *Asterisks,* comparisons of the 5XTrained-Veh, 5XTrained-RG, and 5XTrained-RG-3XTrained groups with the Control-Veh-3XTrained group at 24 h; and comparison of the 5XTrained-Veh group with the Control-Veh-3XTrained group at 48 h and 72 h. *Plus signs*, comparisons of the 5XTrained-Veh group with the 5XTrained-RG and 5XTrained-RG-3XTrained groups at 48 h and 72 h.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.008](10.7554/eLife.18299.008)10.7554/eLife.18299.009Figure 6---figure supplement 1.Inhibition of DNMT with 5-azadeoxycytidine (5-aza) also eliminates established LTS in *Aplysia*.(**A**) Experimental protocol. The occurrences of the pretests, training, posttests, and drug/vehicle injections are shown relative to the end of the last training session. The red arrow indicates the time at which either the drug or the vehicle was injected into animals. After the 48-h posttest, animals in the Control-Veh-3XTrained and 5XTrained-5aza-3XTrained groups received 3 additional bouts of sensitization training. (**B**) 5-aza treatment at 24 h after training abolished LTS. There were four experimental groups: Control-Veh-3XTrained group (*n* = 11), 5XTrained-Veh group (*n* = 8), 5XTrained-5aza group (*n* = 8), and 5XTrained-5aza-3XTrained group (*n* = 10). A repeated-measures ANOVA indicated that there was a significant group x time interaction (F~\[9,99\]~ = 132.2, p \< 0.0001). The overall differences among the four groups at 24 h, 48 h and 72 h were highly significant (24 h, F~\[3,33\]~ = 145.9, p \< 0.0001; 48 h, F~\[3,33\]~ = 145.7, p \< 0.0001;and 72 h, F~\[3,33\]~ = 99.3, p \< 0.0001), as revealed by a one-way ANOVA. SNK posthoc tests on the 24-h data showed that the mean SWR was significantly more prolonged in the 5XTrained-Veh (53.9 ± 3.5 s), 5XTrained-5aza (59.4 ± 0.6 s), and 5XTrained-5aza-3XTrained (55.0 ± 3.4 s) groups than that in the Control-Veh-3XTrained group (1.3 ± 0.3 s; p \< 0.001 for each comparison). The 5XTrained-Veh group also exhibited significant sensitization at both 48 h (mean duration of the SWR = 55.3 ± 4.8 s) and 72 h (mean duration of the SWR = 54.4 ± 5.6 s; p \< 0.001 for both comparisons with the Control-Veh-3XTrained group). However, sensitization was absent in the 5XTrained-5aza and 5XTrained-5aza-3XTrained groups at both 48 h and 72 h, as indicated by comparisons with the Control-Veh-3XTrained group. There were no significant differences for any of the comparisons among the Control-Veh-3XTrained, 5XTrained-5aza, and 5XTrained-5aza-3XTrained groups for the tests after 24 h. *Asterisks,* comparisons of the 5XTrained-Veh, 5XTrained-5aza, and 5XTrained-5aza-3XTrained groups with the Control-Veh-3XTrained group at 24 h; and comparison of the 5XTrained-Veh group with the Control-Veh-3XTrained at 48 ﻿h and 72 h. *Plus signs*, comparisons of the 5XTrained-Veh group with the 5XTrained-5aza and 5XTrained-5aza-3XTrained groups at 48 h and 72 h.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.009](10.7554/eLife.18299.009)

Because the animals were tested at 24 h, which was just before the application of the DNMT inhibitor, it might be argued that the subsequent disruption of LTM was mediated by blockade of memory reconsolidation ([@bib18]; [@bib52]), rather than by the interruption of ongoing gene silencing per se. To examine this possibility, we performed an experiment like that shown in [Figure 6](#fig6){ref-type="fig"}, but omitted the 24-h test of the withdrawal reflex ([Figure 7](#fig7){ref-type="fig"}). Application of the DNMT inhibitor 5-aza a little more than 24 h after the 5X training eliminated LTM, as indicated by the lack of sensitization at 48 h in the 5XTrained-5aza and 5XTrained-5aza-3XTrained groups. In addition, treatment with 5-aza precluded the subsequent establishment of LTM by partial training (5XTrained-5aza-3XTrained group). Thus, the disruption of consolidated LTM by DNMT inhibition after training cannot be attributed to reconsolidation blockade.10.7554/eLife.18299.010Figure 7.Disruption of established LTS with inhibition of DNMT is not a reconsolidation-related phenomenon.(**A**) Experimental protocol. The times at which the pretests, training, posttests, and drug/vehicle injections occurred are shown relative to the end of the last training session. The intrahemocoelic injection of either drug or vehicle is indicated by the red arrow. The animals did not receive a 24 h test prior to the drug/vehicle injection. After the 48-h posttest, animals in the Control-Veh-3XTrained and 5XTrained-5aza-3XTrained groups received 3 bouts of sensitization training (3X training). (**B**) 5-aza injection abolished established LTS in the absence of a posttest at 24 h. Four experimental groups were included: Control-Veh-3XTrained group (*n* = 7), 5XTrained-Veh group (*n* = 7), 5XTrained-5aza group (*n* = 7), and 5XTrained-5aza-3XTrained group (*n* = 8). A repeated-measures ANOVA indicated that there was a significant group x time interaction (F~\[6,50\]~ = 105.8, p \< 0.0001). Subsequent planned one-way ANOVAs showed that the overall differences among the four groups at both 48 h and 72 h were highly significant (48 h, F~\[3,25\]~ = 385.4, p \< 0.0001;and 72 h, F~\[3,25\]~ = 183.3, p \< 0.0001). SNK posthoc tests revealed that the SWR in the 5XTrained-Veh group was significantly sensitized at both 48 h (mean = 56.1 ± 2.9 s) and 72 h (mean = 52.4 ± 3.7 s) compared with that in the Control-Veh-3XTrained group (p \< 0.001 for each comparison). Furthermore, the mean duration of the SWR in the 5XTrained-Veh group was significantly longer than that in the 5XTrained-5aza (1.1 ± 0.1 s at 48 h, p \< 0.001; and 1.6 ± 0.6 s at 72 h, p \< 0.001) and 5XTrained-5aza-3XTrained (1.1 ± 0.1 s at 48 h, p \< 0.001; and 1.9 ± 0.9 s at 72 h, p \< 0.001) groups. The Control-Veh-3XTrained, 5XTrained-5aza, and 5XTrained-5aza-3XTrained groups did not differ significantly at either 48 h or 72 h. Thus, the erasure of established LTS by inhibition of DNMT ([Figure 6](#fig6){ref-type="fig"}) did not require elicitation of the SWR immediately preceding the drug injection. *Asterisks,* comparisons of the 5XTrained-Veh group with the Control-Veh-3XTrained, 5XTrained-5aza, and 5XTrained-5aza-3XTrained groups at 48 h and 72 h.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.010](10.7554/eLife.18299.010)

A potential explanation for the devastating effect of DNMT inhibition on LTM at 24 h is that the memory for LTS is not fully consolidated by this time. To test whether inhibition of DNA methylation would eliminate LTM at a later posttraining time, we performed experiments in which RG108 was administered 5 d after training. Here, animals were given the standard 5X training, tested for LTS 5 d later, and then given an injection of either RG108 or vehicle solution (LATE treatment condition) ([Figure 8A](#fig8){ref-type="fig"}). All animals were retested at 6 d, after which some animals were given 3X training. Finally, all animals were tested once more at 7 d. The 5X training produced LTS that persisted for 7 d after training (5XTrained-Veh~LATE~ group vs. Control-Veh~LATE~-3XTrained group) ([Figure 8B](#fig8){ref-type="fig"}). DNMT inhibition at 5 d after 5X training eliminated LTS (comparisons between the 5XTrained-RG~LATE ~and 5XTrained-Veh~LATE~ groups, and between the 5XTrained-RG~LATE~ and Control-Veh~LATE~-3XTrained groups), and partial retraining at 6 d failed to reinstate it (comparisons between the 5XTrained-RG~LATE~-3XTrained and 5XTrained-Veh~LATE~ groups, and between the 5XTrained-RG~LATE~-3XTrained and Control-Veh~LATE~-3XTrained groups).10.7554/eLife.18299.011Figure 8.RG108 treatment 5 days after training abolishes LTS in *Aplysia*.(**A**) Experimental protocol. The occurrences of the pretests, training, posttests, and drug/vehicle injections are shown relative to the end of the last training session. The red arrow indicates the time of the intrahemocoelic injection of RG108 or vehicle. After the day six posttest, animals in some groups received partial sensitization training (3 bouts of tail shocks). (**B**) RG108 injection at day five after training (LATE treatment) erased LTS. There were four experimental groups: Control-Veh~LATE~-3XTrained group (*n* = 6), 5XTrained-Veh~LATE~ group (*n* = 5), 5XTrained-RG~LATE~ group (*n* = 6), and 5XTrained-RG~LATE~-3XTrained group (*n* = 6). A repeated-measures ANOVA indicated that there was a significant group x time interaction (F~\[9,57\]~ = 66.3, p \< 0.0001). Subsequent planned comparisons showed that the overall differences among the four groups on days 5, 6 and 7 were highly significant (day 5, F~\[3,19\]~ = 43.7, p \< 0.0001; day 6, F~\[3,19\]~ = 105.1, p \< 0.0001; and day 7, F~\[3,19\]~ = 252.5, p \< 0.0001). There was significant sensitization at day five prior to RG108/vehicle injection in the 5XTrained-Veh~LATE~ (mean duration of the SWR = 55.0 ± 5.0 s), 5XTrained-RG~LATE~ (mean duration of the SWR = 56.7 ± 2.1 s), and 5XTrained-RG~LATE~-3XTrained (mean duration of the SWR = 49.3 ± 6.1 s) groups compared with the Control-Veh~LATE~-3XTrained group (mean duration of the SWR = 1.7 ± 0.7 s) (p \< 0.001 for each comparison). The 5XTrained-Veh~LATE~ group also exhibited robust sensitization on day 6 (mean duration of the SWR = 52.4 ± 5.5 s) and 7 (mean duration of the SWR = 53.0 ± 3.3 s) compared with the Control-Veh~LATE~-3XTrained group. Sensitization was absent in the 5XTrained-RG~LATE~ group on day 6 and 7; thus, there was no spontaneous recovery of LTS during the 48-h period after the application of RG108. Three bouts of training shortly after the day six posttest did not restore LTS in the 5XTrained-RG~LATE~-3XTrained group the next day. In particular, the mean duration of the SWR in the 5XTrained-RG~LATE~-3XTrained group (2.5 ± 0.8 s) on day 7 was not significantly different from that in the Control-Veh~LATE~-3XTrained group, and was significantly shorter than that in the 5XTrained-Veh~LATE~ group (p \< 0.001). *Asterisks,* comparisons of the 5XTrained-Veh~LATE~, 5XTrained-RG~LATE~, and 5XTrained-RG~LATE~-3XTrained groups with the Control-Veh~LATE~-3XTrained group on day 5; and comparison of the 5XTrained-Veh~LATE~ group with the Control-Veh~LATE~-3XTrained group on days 6 and 7. *Plus signs*, comparisons of the 5XTrained-Veh~LATE~ group with the 5XTrained-RG~LATE~ and 5XTrained-RG~LATE~-3XTrained groups on days 6 and 7.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.011](10.7554/eLife.18299.011)

Another argument against the notion that consolidated LTM can be erased by DNMT inhibition is that DNMT inhibitors may injure the animals, or degrade their health or responsiveness in other ways. As a test for nonspecific, health-related effects of RG108, we assessed whether LTS could be reinduced in animals by 5X training following the elimination of LTS by administration of the DNMT inhibitor. We performed an experiment like that shown in [Figure 6](#fig6){ref-type="fig"}, except that animals given RG108 at 24 h received 5 bouts of training (that is, full LTS training) at 48 h rather than 3 bouts of training (partial training) ([Figure 9A](#fig9){ref-type="fig"}). As before, LTS was absent 24 h after administration of RG108 (comparisons between the 5XTrained-Veh group and the 5XTrained-RG and 5XTrained-RG-5XTrained groups at 48 h); nonetheless, 5X training after the 48-h test successfully reinduced LTS (comparisons between the 5XTrained-RG-5XTrained group and the 5XTrained-Veh and the 5XTrained-RG groups at 72 h) ([Figure 9B](#fig9){ref-type="fig"}). Thus, the apparent elimination of LTM following treatment with RG108 cannot be ascribed to a deleterious effect of the drug on the health of the animals. Taken together, our results strongly argue that the maintenance of LTM in *Aplysia* requires ongoing DNA methylation.10.7554/eLife.18299.012Figure 9.Animals can relearn following elimination of LTS by DNMT inhibition.(**A**) Experimental protocol. The times at which the pretests, training, posttests, and drug/vehicle injections occurred are shown relative to the end of the last training session. The time of the intrahemocoelic injection of either RG108 or vehicle is indicated by the red arrow. After the 48-h posttest, animals in the 5XTrained-RG-5XTrained group received a second round of full sensitization training (five bouts of electrical tail shocks). (**B**) Sensitization retraining produced LTS in animals following erasure of LTM by RG108. There were four experimental groups: Control-Veh group (*n* = 6), 5XTrained-Veh group (*n* = 6), 5XTrained-RG group (*n* = 4), and 5XTrained-RG-5XTrained group (*n* = 6). A repeated-measures ANOVA indicated that the group x time interaction was significant (F~\[9,54\]~ = 61.4, p \< 0.0001). Subsequent one-way ANOVAs indicated that the overall differences among the four groups at 24 h, 48 h and 72 h were highly significant (24 h, F~\[3,18\]~ = 33.3, p \< 0.0001; 48 h, F~\[3,18\]~ = 70.7, p \< 0.0001; and 72 h, F~\[3,18\]~ = 54.9, p \< 0.0001). SNK posthoc tests performed on the 24-h data revealed that the initial training produced significant sensitization in the 5XTrained-Veh group (mean duration of the SWR = 50.8 ± 6.1 s), 5XTrained-RG group (mean duration of the SWR = 57.8 ± 2.3 s), and 5XTrained-RG-5XTrained group (mean duration of the SWR = 54.2 ± 5.8 s) compared with Control-Veh group (mean duration of the SWR = 1.2 ± 0.2 s; p \< 0.001 for each comparison). The SWR of 5XTrained-Veh group also exhibited sensitization at 48 h (mean duration = 49.2 ± 5.2 s) and 72 h (mean duration = 45.2 ± 5.6 s) compared with the Control-Veh group (48 h, mean duration = 1.2 ± 0.2 s, p \< 0.001; and 72 h, mean duration = 1.2 ± 0.2 s, p \< 0.001). Sensitization memory was significantly disrupted at 48 h in both the 5XTrained-RG (mean SWR = 1.3 ± 0.3 s) and 5XTrained-RG-5XTrained (mean SWR = 2.2 ± 0.7 s) groups by the RG108 injection immediately after the 24-h posttest (p \> 0.05 for the comparisons with the Control-Veh group). Retraining after the 48-h posttest reestablished full LTM. The mean duration of the SWR in the 5XTrained-RG-5XTrained group at 72 h (55.8 ± 4.2 s) was significantly greater than that for the Control-Veh group (mean duration = 1.2 ± 0.2 s, p \< 0.001), as well as for the 5XTrained-RG group at 72 h (2.5 ± 1.0 s, p \< 0.001). *Asterisks,* comparisons of the 5XTrained-Veh, 5XTrained-RG, and 5XTrained-RG-5XTrained groups with the Control-Veh group at 24 h; comparisons of the 5XTrained-Veh group with the Control-Veh, 5XTrained-RG, and 5XTrained-RG-5XTrained groups at 48 h; and comparison of the 5XTrained-Veh group with the Control-Veh and 5XTrained-RG groups at 72 h. *Plus signs*, comparison of the 5XTrained-RG-5XTrained group with the 5XTrained-RG group at 72 h.**DOI:** [http://dx.doi.org/10.7554/eLife.18299.012](10.7554/eLife.18299.012)

Discussion {#s3}
==========

We have shown that protein synthesis during and shortly after sensitization training is essential for the normal consolidation of LTM in *Aplysia*. Our results therefore confirm previous results obtained in *Aplysia* by [@bib50] and [@bib19], as well in vertebrates by many groups (reviewed in [@bib23]; [@bib30]). In addition, however, we have significantly extended prior findings regarding protein synthesis and memory consolidation through our demonstration that LTM can be induced by supplemental partial training following its disruption by PSI shortly after the original (full) LTS training, but not following PSI during the original LTS training. Thus, the present results reveal a novel functional distinction between the mnemonic role of protein synthesis during training and that of protein synthesis shortly after training. An early study in *Aplysia* indicated that bath-applied anisomycin (18 µM) produces rapid (≤15 min), nearly complete (95--99%) inhibition of protein synthesis, as measured by the incorporation of leucine into proteins in identified central neurons ([@bib57]). Because the pretraining injections of anisomycin in our study were made 10--20 min prior to the onset of training, and because the duration of the 5X training in our study was \~80 min, the pretraining anisomycin treatment would be expected to produce \>90% disruption of protein synthesis in the animals throughout much, if not all, of the training period. The posttraining injections of anisomycin in our study were made 10--20 min after the end of 5X training; if one assumes a maximum post-injection time of 15 min for the onset of significant PSI within the central nervous system (CNS) of the animals ([@bib57])---drugs injected into the hemocoel of *Aplysia* have ready access to the CNS due to the open circulatory system and lack of a blood-brain barrier in gastropod mollusks ([@bib1])---then the posttraining injections of anisomycin should have begun to inhibit protein synthesis by \>90% within 30 min after the end of 5X training. Our results indicate that proteins synthesized during training (early protein synthesis) play a special role in the consolidation of LTM. Specifically, early protein synthesis causes the generation of a priming component that allows LTM to be later established by partial training if it is disrupted by posttraining PSI ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). [@bib10] reported that a 1.5-h treatment with 5HT produces the rapid onset (\<30 min) of the synthesis of several (unidentified) proteins; in addition, the synthesis of some of these proteins depends on gene transcription, suggesting that they represent immediate-early proteins. Thus, the priming component induced by early protein synthesis in our study may be the product of immediate-early gene transcription. In support of this idea, [@bib54] found that exposure to five spaced pulses of 5HT down regulated the expression of the transcriptional repressor CREB2 in *Aplysia* sensory neurons; moreover, this downregulation depended on methylation of the *CREB2* gene, because it was blocked by the DNMT inhibitor RG108. CREB2 is regarded as a memory suppressor in *Aplysia *([@bib2]) (although see [@bib33]); blockade of CREB2 activity (by means of a function-blocking antiserum) in *Aplysia* sensory neurons has been shown to facilitate the induction of LTF ([@bib9]). The memory suppressive effect of CREB2 is due, at least in part, to the repression of CREB1 activation and the downstream expression of immediate-early genes, including the *C/EBP* gene ([@bib5]; [@bib6]). Thus, the expression of CREB1-dependent immediate-early genes, enabled through 5HT-induced DNA methylation of *CREB2*, could form the priming memory component revealed by the present experiments. According to this idea, DNA methylation would be upstream from the early protein synthesis required for memory consolidation in *Aplysia*.

The blockade of protein synthesis shortly after (i.e., starting \~30 min after) training, albeit disruptive of LTM, as indicated by the absence of LTM at 24 h following posttraining PSI, nonetheless does not preclude the subsequent induction of LTM by partial training. (Note that our results appear to partly contradict those of [@bib50]) who observed that anisomycin applied to sensorimotor cocultures starting at 30 min after 5X5HT training did not block LTF; however, the onset of the anisomycin application in our experiments was \~15 min earlier than in the Montarolo et al. study, which may explain the apparent discrepancy in results.) In support of the present findings, [@bib60] have recently reported that consolidation of the LTM for sensitization is disrupted by posttraining application of the protein synthesis inhibitor emetine to a reduced preparation of *Aplysia*. Therefore, PSI after training does not disrupt the memory primer, which is induced by early protein synthesis ([Figure 3](#fig3){ref-type="fig"}). It seems likely, moreover, that it is the persistence of this primer that underlies the ability of truncated training to reinstate LTM following its disruption by reconsolidation blockade or inhibition of PKM ([@bib20]).

How can truncated training establish LTM following impairment of memory consolidation by posttraining PSI, and also reinstate consolidated LTM after its disruption by reconsolidation blockade or inhibition of PKM ([@bib20])? One possibility is that protein synthesis---in addition to signaling by one or more growth-related factors ([@bib32]; [@bib36]; [@bib63])---during long-term training results in persistent activation of mitogen-activated protein kinase (MAPK) ([@bib44]; [@bib59]), and it is the sustained MAPK activity that enables reinstatement of LTM by partial training. In support of this idea, sensitization training that is sufficient to induce LTM has recently been found to cause prolonged (1 h) posttraining activation of MAPK ([@bib60]). But posttraining PSI disrupts this persistent MAPK activity ([@bib60]), and we have shown that the memory priming signal is maintained despite posttraining blockade of translation ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Although the priming signal cannot therefore be MAPK itself, it could be a signal downstream from activated MAPK. [@bib44] showed that during 5HT-induced LTF MAPK translocates to the nucleus of sensory neurons; this nuclear translocation is required for LTF. Possibly, the priming signal is a nuclear change downstream of MAPK. Epigenetic modifications are attractive candidates for the priming signal. Indeed, MAPK-dependent increases in the phosphorylation of histone H3 have been implicated in LTM in rats ([@bib21]) and snails ([@bib22]). Furthermore, we previously showed that inhibition of histone deacetylase (HDAC) permitted 3X sensitization training to induce LTM in naïve, untrained animals ([@bib20]). Thus, persistent histone modifications induced by 5X training may provide the scaffolding necessary for later reconstruction of LTM by partial training during memory reinstatement. Besides MAPK-dependent epigenetic modifications, other candidates for the priming signal include small, non-coding RNAs, the expression of which is induced by 5HT training during LTF ([@bib54]). In future research we will seek to identify the memory priming signal.

Our demonstration that LTM can be fully established by abbreviated training after being disrupted by posttraining PSI echoes recent findings for contextual fear memory in mice by Tonegawa and colleagues ([@bib55]). These investigators used optogenetic stimulation of hippocampal neurons that had been active during fear conditioning to restore LTM after the induction of retrograde amnesia by posttraining treatment with anisomycin. Similar to our finding that LTF was absent at 24 h in sensorimotor cocultures after 5X5HT training followed by exposure to anisomycin ([Figure 2](#fig2){ref-type="fig"}), Ryan et al. observed an absence of learning-induced long-term potentiation (LTP) ([@bib31]) in hippocampal slices from anisomycin-treated animals; this synaptic disruption correlated with retrograde amnesia. Despite the lack of persistent synaptic changes widely regarded as hallmarks of consolidated memory ([@bib7]; [@bib24]), some aspect of LTM nonetheless endured in the two studies.

[@bib55] did not test whether LTM could be induced by optogenetic stimulation subsequent to PSI during fear conditioning, nor did they propose a specific storage mechanism for LTM. Our data point to DNA methylation as being essential for the consolidation of LTM. Prior work in mammals also supports a critical role for DNA methylation in memory consolidation ([@bib28]; [@bib38]; [@bib46]; [@bib45]; [@bib49]; [@bib53]). More relevantly, Kandel and colleagues reported that RG108 blocks the establishment of LTF in *Aplysia* sensorimotor cocultures, and that this effect is due, at least in part, to blockade of 5HT-induced methylation of the gene for the transcriptional repressor CREB2 ([@bib54]). The present results elaborate upon this idea; besides showing that the consolidation of LTM in *Aplysia* requires epigenetic suppression of one or more memory repressor processes, our results suggest the intriguing possibility that this suppression may depend on early protein synthesis. Although little is known at present regarding the potential role of protein synthesis in DNA modification, a report that activity-dependent induction of a specific gene, *Gadd45b*, is essential for DNA demethylation in the mammalian hippocampus ([@bib40]) is consistent with this idea. Furthermore, in their study of the epigenetic regulation of memory consolidation in *Aplysia*, [@bib54] found that DNA methylation of *CREB2* was regulated by a neuronally expressed Piwi protein. Perhaps the early protein synthesis mediating the consolidation of LTM involves the expression of Piwi in *Aplysia*. In the absence of direct evidence that protein synthesis triggers DNA methylation in *Aplysia*, however, it is at least as plausible that the process of DNA methylation is upstream, rather than downstream, of early protein synthesis in the consolidation of LTM, as discussed above.

Given, as our results indicate, that the consolidation of LTM in *Aplysia* depends critically on the silencing of one or more genes whose protein products act to repress memory, what are potential candidates for this memory repressive function? An obvious candidate, of course, is *CREB2* ([@bib9]; [@bib54]), but there are others. For example, phosphatases have been proposed to subserve memory repression in mammals. [@bib45] found that infusion of a DNMT inhibitor into the hippocampus of rats immediately after contextual fear conditioning blocked the consolidation of fear memory as assessed 24 h later, and that this effect was due, in part, to DNA methylation of the gene for protein phosphatase 1 (PP1). Another phosphatase that may subserve memory repression, and whose gene may become silenced by DNA methylation during learning, is calcineurin (protein phosphatase 2B) ([@bib12]). Calcineurin activity suppresses the induction of hippocampal LTP ([@bib61]; [@bib62]). Moreover, genetically overexpressing calcineurin in the brains of mice disrupts the consolidation of LTM ([@bib43]), whereas genetically inhibiting calcineurin enhances hippocampal LTP and LTM in mice ([@bib42]). In addition, [@bib11] reported that calcineurin activity is inhibited in the amygdala during the consolidation of conditioned taste aversion (CTA) in mice, and that the level of calcineurin activity during learning determines the strength of the CTA memory. In *Aplysia *the effects of genetically inhibiting or overexpressing either PP1 or calcineurin on LTM have yet to be examined. However, both phosphatases modulate the CREB-mediated response to extracellular stimuli in *Aplysia *signaling pathways ([@bib29]). Moreover, pharmacological inhibition of calcineurin has been shown to facilitate the induction of the LTM for sensitization in *Aplysia *([@bib58]).

Besides demonstrating a role for DNA methylation in memory consolidation, the present study shows that ongoing DNA methylation plays a crucial role in memory maintenance. This finding resonates with those from recent work in mammals ([@bib28]; [@bib47]; [@bib48]), as well as in invertebrates ([@bib13]; [@bib39]). We do not know the identity of the gene or genes whose persistent methylation underlies memory maintenance in *Aplysia*. The gene for CREB2 is one possibility; but a recent study using sensorimotor cocultures found that a long-lasting *increase* in postsynaptic CREB2 expression mediated the maintenance of LTF beginning 48 h after the induction of synaptic plasticity ([@bib33]), which is inconsistent with a role for the continuous silencing of the *CREB2* gene in the maintenance of sensitization memory. Interestingly, [@bib47] observed persistent DNA methylation of the gene for calcineurin in the anterior cingulate cortex of rats trained contextual fear conditioning. The notion that ongoing suppression of calcineurin activity via gene silencing mediates LTM maintenance in *Aplysia* is attractive in light of previous data implicating calcineurin activity in the inhibition of LTM ([@bib58]); nonetheless, to date no direct evidence supports a role for calcineurin in the maintenance of memory in *Aplysia*.

A unique and fascinating aspect of the present results is that they enable a direct comparison of the effect on the persistence of a single, specific form of memory---LTS in *Aplysia*---of inhibiting DNA methylation with those for two other manipulations that have been purported to eliminate consolidated LTM, inhibition of PKMζ ([@bib56]) and reconsolidation blockade ([@bib52]). Previously, we showed that although inhibition of PKM Apl III, the *Aplysia* homolog of PKMζ ([@bib15], [@bib14]), and reconsolidation blockade both disrupt the consolidated LTM for behavioral sensitization in *Aplysia *([@bib17], [@bib18]), the memory can nonetheless be fully reinstated using truncated sensitization training ([@bib20]). By contrast, as shown in the present study, the LTM for sensitization cannot be reinstated after its disruption by inhibition of DNMT ([Figures 6](#fig6){ref-type="fig"}--[9](#fig9){ref-type="fig"}). This finding indicates that the ongoing DNA methylation of one or more genes is a precondition for memory maintenance, and, moreover, that some essential priming component of LTM, one whose persistence enables LTM reinstatement, must be impervious to the disruptive effects of PKM inhibition and of reconsolidation blockade, but eliminable by inhibition of DNMT.

In summary, we have found that two functionally distinct periods of protein synthesis regulate the consolidation of LTM in *Aplysia*. The earlier period occurs during training (and, possibly, extends into the immediate posttraining period as well); it involves the production of a memory priming element. The later period starts within 30 min after training; proteins synthesized during this posttraining period are required for the normal expression of LTM. Nonetheless, inhibition of the synthesis of these late proteins, albeit disruptive of LTM, does not impair the priming element, whose occult presence permits LTM to be established by supplemental partial training following its disruption by posttraining PSI. Finally, we have shown that both the consolidation and maintenance of LTM in *Aplysia *depend, in part, on gene silencing via DNA methylation. Future work will be required to determine the identity of the gene/s whose DNA methylation is required for the induction and persistence of LTM, and whether this methylation is triggered by early protein synthesis.

Materials and methods {#s4}
=====================

Behavioral training and testing {#s4-1}
-------------------------------

Adult *Aplysia californica* (80--120 g) were supplied by Alacrity Marine Biological Services (Redondo Beach, CA, USA) and housed in cooled (12--14°C), aerated seawater. The behavioral training, testing, and drug injection methods were described in our previous study ([@bib20]).

Cell culture and electrophysiology {#s4-2}
----------------------------------

The cell culture, electrophysiological recording, 5HT training, and anisomycin treatment methods were like those previously described ([@bib17]; [@bib20]).

Drug preparation {#s4-3}
----------------

The protein synthesis inhibitor, anisomycin, was prepared for injection as was previously done ([@bib20]). The DNA methyltransferase (DNMT) inhibitors RG108 (Sigma, St Louis, MO) and 5-azadeoxycytidine (5-aza; EMD Millipore, Billerica, MA) were dissolved in DMSO to a concentration of 25 mM to make a stock solution. To inhibit DNMT, a volume of 100 μl per 100 g of body weight of either RG108 or 5-aza was injected into the animals. The specific times at which the intrahemocoelic injections were made are indicated in the relevant figures.

Statistical analysis {#s4-4}
--------------------

SPSS 22.0 (IBM, Armonk, NY) was used for the statistical analysis. For the analysis of the behavioral data, a repeated-measures two-way analysis of variance (ANOVA) was first performed on the overall data. Once the repeated-measures ANOVA showed a significant interaction, one-way ANOVAs were carried out on the separate test times, followed by Student-Newman-Keuls (SNK) posthoc tests for pairwise comparisons. For the synaptic data, the EPSP amplitude of the posttest was normalized to that of the pretest for the same coculture. The normalized data were expressed as means ± SEM. A one-way ANOVA was performed on the overall data, followed by Student-Newman-Keuls (SNK) posthoc tests for pairwise comparisons. All reported levels of significance represent two-tailed values unless otherwise indicated.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Effects of Pretraining and Posttraining Injections of a Protein Synthesis Inhibitor on Memory Consolidation in *Aplysia*\" for consideration by *eLife*. Your article has been favorably evaluated by K VijayRaghavan (Senior Editor) and two reviewers, one of whom, Mani Ramaswami (Reviewer \#1), is a member of our Board of Reviewing Editors, and another one is Thomas Abrams (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

The authors use an interesting set of training protocols in combination with protein synthesis inhibition (PSI) in an attempt to dissect the contribution of molecular processes to memory consolidation vs. expression. They also introduce a DNA methyltransferases inhibitor to explore the contribution of DNA methylation to memory consolidation. The difference in the effects of protein synthesis inhibition and DNMT inhibition suggests an interesting explanation for recent provocative results from the authors\' lab.

The manuscript describes strong and clear data in support of the following novel and original conclusions in the well-known and influential *Aplysia* sensorimotor circuit that mediates the siphon-withdrawal reflex (SWR).

A\) They confirm that two temporally distinct periods of protein synthesis during and 15 minutes after \"full\" long-term sensitization (LTM) training (5X5HT) are necessary for 24-hour memory. However, here they show that early protein synthesis alone can lay down a long-lasting, normally invisible memory trace (previously termed \"priming\") that the authors reveal here through clever experimentation.

B\) Namely, that in 5x5HT-treated preparations where late protein synthesis has been inhibited but early protein synthesis has occurred, an \"abbreviated\" 3X5HT training delivered 24 hours afterwards can induce stable LTM visible 24 hours after abbreviated training. This does not occur if early protein synthesis is inhibited or if abbreviated stimulation is applied on its own to a fresh preparation.

Less convincingly, the authors also suggest that early protein synthesis appears to have this long-lasting effect (enabling 3X5HT induced LTM) at least partially through methylation of DNA. The recovery of memory by abbreviated LTM training that is observed fails if DNA methyltransferases are inhibited, suggesting that ongoing DNA methylation may be the mechanism for a component of memory persistence after late PSI. This is an important conclusion that could be drawn from the present experiments, but somehow is not explicitly discussed or sufficiently advanced in the manuscript.

However, the main conclusion of the Research Advance is that there is a specific function for early protein synthesis in laying down a long-lasting component of the LTM memory trace (which the authors had previously agreed was appropriately termed as \"priming\'), even if these are not visible to normal behavioral experiments. This finding is interesting, novel and merits publication.

Major points that must be addressed:

Most critical, the language and presentation are confusing and (perhaps unsurprisingly) for many of the reasons that were already brought up in the original article on which this Advance is based. This needs to be clarified, partially in the same manner as for the original article. In addition, there are some simple experimental lacunae that need to be filled out to better establish or nuance the authors\' conclusions.

1\) The term consolidation should be almost systematically replaced by an expression that conveys the main message to the reader. \"Consolidation,\" in contemporary parlance should surely be used to include all steps from initial induction to the stable expression of memory, particularly in this simple preparation where EPSP magnitude is a satisfactory surrogate for memory expression. The long-lasting cryptic effect of 5X5HT stimulation that persists after late PSI should be termed \"priming\" consistent with the original manuscript. The authors\' observations can be understood and communicated simply by proposing that in neurons primed by 5XHT induced early-protein synthesis, subsequent events required for LTF can be induced by 3X5HT training. This simplified presentation/ discussion would take nothing away from the novelty of the observation. Few would have thought that a long-lasting nuclear mark would persist stably in neural circuits after LTM training, if the circuit itself has never encoded stable LTM.

To explain our position, we point out that most neuroscientists would agree that consolidation is not one event, but involves multiple phases. One of which would be a nuclear priming event in which some nuclear processes required for LTM consolidation are activated. Another phase is revealed by this work to require late protein synthesis. There are also several other examples of multiple stages consolidation in *Aplysia*. The MAPK pathway is recruited relatively late during training protocols, and may well still be contributing to memory formation for tens of minutes after the last block of sensitizing stimuli (i.e., tail shocks). Chain et al. (1999) found that inhibiting PKA presynaptically within several hours after a series of 5-HT applications almost completely blocked long-term facilitation tested at 24 hours; the dependence on PKA activity appeared to gradually decrease within the first 12 hours, which presumably represents one mechanism of consolidation.

The overly simplistic and -- we suggest -- incorrect dichotomy between memory consolidation and expression, also ignores the molecular evidence that memory maintenance is an active process. The authors\' previous work implicates activity of truncated PKC (PKM) in memory maintenance at times as late as 1-3 days after training.

2\) On a related note, the term \"retrieval\" is also used in a very confusing fashion and this needs to be addressed systemically in from the Introduction through the Discussion. The authors observe that early PSI blocks EPSP potentiation (which is the mechanism of memory encoding). Early PSI does blocks memory expression/ LTF consolidation. Retrieval is never tested. The paper doesn\'t address the issue of memory retrieval. Rather it addresses two stages of memory encoding and the existence of a stable and rate-limiting initial process of (probably nuclear) priming.

In further explanation of our position, if consolidation of memory were truly complete by 30 min after training, then a protein synthesis inhibitor that blocked retrieval or expression would have no persistent effect once it had been eliminated from the CNS. If the protein synthesis inhibitor anisomycin selectively affected expression, this effect should require the presence of anisomycin at the time of the posttest. In *Aplysia*, the effects of anisomycin disappear within approximately 3 hours, as demonstrated by Montarolo et al. (1986). Because posttests were conducted at 24 hours and anisomycin effects should have ended at least 20 hours earlier, there should be no remaining effects on retrieval at the time of the posttest. Furthermore, the efficacy of post training anisomycin in blocking memory tested at 24 hours is highly dependent on the precise time of anisomycin administration. Montarolo et al. transiently applied anisomycin only shortly after the time point chosen in the present experiments; they found that memory retention was largely protein synthesis independent 30 min after a series of 5-HT exposures, and completely protein synthesis independent 4 hours after the end of the 5-HT. If protein synthesis inhibition impaired retrieval, the effect should be the same for applications at these several time points shortly after training. (The Montarolo et al. paper should be cited when the post training anisomycin experiment is first introduced.) Even blocking protein synthesis for 22 hours but beginning 30 min after a series of 5-HT exposures, did not dramatically block long-term facilitation measured at 24 hours. Thus, these earlier published data from *Aplysia* would strongly suggest that inhibition of protein synthesis 15 minutes after the end of 1.5 hour training protocol does not selectively impair expression of memory without affecting consolidation. Interestingly, although the authors cite Montarolo et al., they don\'t consider this earlier evidence that consolidation is still progressing at the post training time point that they apply anisomycin.

\"Our results support a retrieval-related account of retrograde amnesia.\" As emphasized above, there is really no evidence presented for this conclusion.

\"The subsequent 3X training restored LTM in the 5XTrained-Aniso-3XTrained group, as shown by the results for the 48 h posttest..... Thus, post training PSI did not block either the induction or the consolidation of LTM, but merely its expression at 24 h.\" This interpretation permeates the text, which leads readers, and possibly the authors, to ignore more plausible explanations for their observations, as argued above.

3\) It is important to further assess whether test if the persistence of \"priming,\" is reflected by the persistence of early DNA methylation, or if DNA demethylation and remethylation occur for long periods after training (as suggested by David Sweatt\'s 2010 analysis of fear conditioning).

3a) How is LTF and \"priming\" in response to full LTM training are affected by DNMT inhibitors applied 4 hours after training? The 4-hour time point is suggested because Montarolo and colleagues (1986) have shown after 4 hours, 24 hr LTF induced by 5X5HT treatment is independent of new protein synthesis.

Again, in explanation: The work here shows that whereas inhibition of protein synthesis could be \"overcome\" or rescued by an abbreviated additional training protocol (three bouts of tail shocks delivered at 24 hours), inhibition of DNA methyltransferases produced a memory deficit that could not be rescued by the same abbreviated additional training. Does this suggest memory maintenance requires persistent DNMT activity, as found by Miller, Sweatt and colleagues, 2010? Or is DNA methylation the signal that persists after protein synthesis inhibition (and blockade of reconsolidation) and that primes memory formation when there is additional abbreviated training? (These possibilities are not mutually exclusive.) Rajasethupathy et al. found that piRNAs are upregulated by 5-HT application during long-term facilitation, and these piRNAs promote methylation of the promoter for the inhibitor CREB, CREB2, suppressing its expression. The authors\' data suggest that maintenance of DNA methylation does not require protein synthesis, but rather is perhaps upstream from protein synthesis, which is consistent with the Rajasethupathy results. Nevertheless, the authors suggest that perhaps \"PSI during training obstructs DNA methylation required for memory consolidation,\" citing Rajasethupathy et al. This proposal should be revised, as it contradicts the authors\' data and also the Rajasethupathy et al. findings. Importantly, the Rajasethupathy et al. results are consistent with the understanding that memory formation is regulated by a balance between repressors and activators of memory consolidation; the \"priming effect\" on memory formation by subsequent abbreviated training protocol observed here could involve suppression of expression of CREB2 due to DNA methylation, a possibility that the authors should discuss.

3b) Similarly, if ongoing DNA methylation provides the molecular component of memory/priming that persists after protein synthesis inhibition, or after blockade of reconsolidation, one would predict that late treatment with a DNMT inhibitor, e.g. at 19 or 20 hours, might block the efficacy of abbreviated training in producing full LTM detectable at 48 hours. The authors should discuss this point.

The authors should also present additional results with RG108, to include in [Figure 4](#fig4){ref-type="fig"}, indicating how DNMT inhibition of \"primed\" preparations shortly before abbreviated training at the 24-hour time point affects the ability of the abbreviated training to restore LTM. Is there a reinforcement of a pre-set DNA methylation pattern required for LTM restoration? If LTM restoration is independent of ongoing DNA methylation, then the authors would have their strongest evidence for DNA methylation being a mechanism for priming. If ongoing DNA methylation is required LTM restoration, this would also be very interesting.

4\) The authors should perform one experiment and discuss candidate molecular cellular processes controlled by abbreviated (3X5HT) training in naive and primed preparations. In primed preparations (24 hours after PSI delivered 15 minutes after 5X5HT training), what does protein-synthesis inhibition before and after 3X5HT stimulation do to LTM consolidation?

In explanation, the abbreviated training protocol with three bouts of tail shock is likely to initiate some of the same processes that contribute to memory formation as the full five-bout protocol. It is important to acknowledge that the abbreviated protocol may be sufficient for formation of memory because some residual components of memory persist after treatment with the protein synthesis inhibitor, such as DNA methylation and to provide at least one or two simple experiments to restrict the possible range of processes recruited by 3X5HT training.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your article \"Role of Protein Synthesis and DNA Methylation in the Consolidation and Maintenance of Long-Term Memory in *Aplysia*\" for consideration by *eLife*. Your article has been reviewed by one peer reviewer (Thomas Abrams, Reviewer \#2), and the evaluation has been overseen by Mani Ramaswami as Reviewing Editor and K VijayRaghavan as the Senior Editor.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In long-term sensitization of the defensive withdrawal reflex of *Aplysia*, established memory can be interrupted with either blockade of persistently active PKC or blockade of reconsolidation. The authors showed that a trace of memory persists that can prime the restoration of memory, so that it occurs with only modest supplemental training. In this manuscript, the authors show that protein synthesis block 15 minutes after LTF training blocks memory consolidation but also similarly leaves a trace that primes subsequent memory restoration. They explore whether and now this persistent component of memory that survives the retraction of newly formed synapses is localized to the nucleus. The originally submitted Research Advance manuscript was quite strong, but with the addition of new experiments that test the effect of DNA methyl transferase inhibitors applied after memory has been fully consolidated, this manuscript now is greatly improved and enhanced and should much higher impact. The intriguing conclusion is that ongoing DNA methylation is essential for memory maintenance even days after training. One particularly compelling experiment tested the efficacy of late, 5x training after earlier exposure to the DNMT inhibitor to confirm that learning is still possible.

Essential revisions:

1\) Is the recruitment of DNA methyltransferases that contribute to long-term memory consolidation and maintenance downstream of protein synthesis? This is an unresolved issue, and its discussion in the manuscript needs to be improved and clarified.

1a) The authors state: \"An intriguing possibility, suggested by data from experiments on *Aplysia* sensorimotor cocultures (Rajasethupathy et al., 2012), is that PSI during training obstructs DNA methylation required for memory consolidation. To test this possibility, we performed experiments in which the DNA methyltransferase (DNMT) inhibitor RG108 was injected into animals just before the onset of 5X training.\" As emphasized in the original review, neither the results of Rajasethupathy and colleagues nor the interpretation those authors presented suggested that protein synthesis is upstream of DNA methylation. It would be misleading to reference their paper in this context.

1b) The concept that DNA methylation provides a persistent molecular memory mechanism that survives posttraining inhibition of protein synthesis is exciting and is effectively tested by the authors\' new experiments. However, none of their experiments directly tested whether PSI during training affects DNA methylation. Without direct data, whether the early protein synthesis (during training) and the DNA methylation are upstream or downstream of one another or whether they function in parallel is not clear. While there are arguments to suggest that immediate protein synthesis is upstream and later (15\<minutes) synthesis is downstream, it is important to clearly acknowledge and state this existing ambiguity.

2\) \"Our results indicate that proteins synthesized during training (early protein synthesis) play a special, heretofore unsuspected, role in the consolidation of LTM.\" This is a bit of an overstatement and does not clarify exactly what is unsuspected (the priming function?). The early phase of protein synthesis has long been understood to be essential for memory consolidation. Certainly, Barzilai et al. (1989) suggested that the early wave of protein synthesis reflected expression of immediate early genes, including transcription factors that would initiate expression of genes critical for synaptic plasticity and learning. C/EBP is one such immediate early gene transcription factor in both *Aplysia* and mammals. It is important to put the priming mechanism that the authors identify into the context of immediate early gene expression. One mechanism suggested by Rajasethupathy et al. 2012 is that DNA methylation inhibits expression of CREB2, a suppressor of memory formation. With CREB2 expression reduced, initiation of the CREB-dependent transcription of immediate early genes, including transcription factors, can be enhanced. It is likely that the expression of these transcription factors represents the first wave of protein synthesis, which is sensitive to protein synthesis inhibitors during the training protocol. Rajasethupathy should be cited and this section of the manuscript clarified.

10.7554/eLife.18299.014

Author response

We thank the reviewers for their detailed, insightful comments. We have taken their criticisms seriously and, in response, have extensively rewritten the manuscript, as well as included extensive new data. In order to do this, we have converted our paper from a Research Advance into a Research Article.

*\[...\] Major points that must be addressed:*

*Most critical, the language and presentation are confusing and (perhaps unsurprisingly) for many of the reasons that were already brought up in the original article on which this Advance is based. This needs to be clarified, partially in the same manner as for the original article. In addition, there are some simple experimental lacunae that need to be filled out to better establish or nuance the authors\' conclusions.*

*1) The term consolidation should be almost systematically replaced by an expression that conveys the main message to the reader. \"Consolidation,\" in contemporary parlance should surely be used to include all steps from initial induction to the stable expression of memory, particularly in this simple preparation where EPSP magnitude is a satisfactory surrogate for memory expression. The long-lasting cryptic effect of 5X5HT stimulation that persists after late PSI should be termed \"priming\" consistent with the original manuscript. The authors\' observations can be understood and communicated simply by proposing that in neurons primed by 5XHT induced early-protein synthesis, subsequent events required for LTF can be induced by 3X5HT training. This simplified presentation/ discussion would take nothing away from the novelty of the observation. Few would have thought that a long-lasting nuclear mark would persist stably in neural circuits after LTM training, if the circuit itself has never encoded stable LTM.*

*To explain our position, we point out that most neuroscientists would agree that consolidation is not one event, but involves multiple phases. One of which would be a nuclear priming event in which some nuclear processes required for LTM consolidation are activated. Another phase is revealed by this work to require late protein synthesis. There are also several other examples of multiple stages consolidation in Aplysia. The MAPK pathway is recruited relatively late during training protocols, and may well still be contributing to memory formation for tens of minutes after the last block of sensitizing stimuli (i.e., tail shocks). Chain et al. (1999) found that inhibiting PKA presynaptically within several hours after a series of 5-HT applications almost completely blocked long-term facilitation tested at 24 hours; the dependence on PKA activity appeared to gradually decrease within the first 12 hours, which presumably represents one mechanism of consolidation.*

*The overly simplistic and -- we suggest -- incorrect dichotomy between memory consolidation and expression, also ignores the molecular evidence that memory maintenance is an active process. The authors\' previous work implicates activity of truncated PKC (PKM) in memory maintenance at times as late as 1-3 days after training.*

We completely agree with the reviewers' reasoning and have modified the manuscript accordingly. Specifically, we no longer assert that LTM consolidation is complete by the end of training. The reviewers' argument that the consolidation of LTM in *Aplysia* involves multiple stages over the course of several hours is well taken. As suggested, we now refer to the mnemonic component that persists after early protein synthesis as the "priming signal" or "priming component". In addition, our results are no longer described in terms of a putative dichotomy between memory consolidation and expression. Rather, we now distinguish between a priming signal, which is induced by early protein synthesis, and consolidated LTM; the latter requires, in part, late protein synthesis

*2) On a related note, the term \"retrieval\" is also used in a very confusing fashion and this needs to be addressed systemically in from the Introduction through the Discussion. The authors observe that early PSI blocks EPSP potentiation (which is the mechanism of memory encoding). Early PSI does blocks memory expression/ LTF consolidation. Retrieval is never tested. The paper doesn\'t address the issue of memory retrieval. Rather it addresses two stages of memory encoding and the existence of a stable and rate-limiting initial process of (probably nuclear) priming.*

*In further explanation of our position, if consolidation of memory were truly complete by 30 min after training, then a protein synthesis inhibitor that blocked retrieval or expression would have no persistent effect once it had been eliminated from the CNS. If the protein synthesis inhibitor anisomycin selectively affected expression, this effect should require the presence of anisomycin at the time of the posttest. In Aplysia, the effects of anisomycin disappear within approximately 3 hours, as demonstrated by Montarolo et al. (1986). Because posttests were conducted at 24 hours and anisomycin effects should have ended at least 20 hours earlier, there should be no remaining effects on retrieval at the time of the posttest. Furthermore, the efficacy of post training anisomycin in blocking memory tested at 24 hours is highly dependent on the precise time of anisomycin administration. Montarolo et al. transiently applied anisomycin only shortly after the time point chosen in the present experiments; they found that memory retention was largely protein synthesis independent 30 min after a series of 5-HT exposures, and completely protein synthesis independent 4 hours after the end of the 5-HT. If protein synthesis inhibition impaired retrieval, the effect should be the same for applications at these several time points shortly after training. (The Montarolo et al. paper should be cited when the post training anisomycin experiment is first introduced.) Even blocking protein synthesis for 22 hours but beginning 30 min after a series of 5-HT exposures, did not dramatically block long-term facilitation measured at 24 hours. Thus, these earlier published data from Aplysia would strongly suggest that inhibition of protein synthesis 15 minutes after the end of 1.5 hour training protocol does not selectively impair expression of memory without affecting consolidation. Interestingly, although the authors cite Montarolo et al., they don\'t consider this earlier evidence that consolidation is still progressing at the post training time point that they apply anisomycin.*

*\"Our results support a retrieval-related account of retrograde amnesia.\" As emphasized above, there is really no evidence presented for this conclusion.*

*\"The subsequent 3X training restored LTM in the 5XTrained-Aniso-3XTrained group, as shown by the results for the 48 h posttest..... Thus, post training PSI did not block either the induction or the consolidation of LTM, but merely its expression at 24 h.\" This interpretation permeates the text, which leads readers, and possibly the authors, to ignore more plausible explanations for their observations, as argued above.*

We have stripped all references to retrieval from the revised manuscript. In addition, we have cited and discussed the results of Montarolo et al. (1986) immediately after the presentation of the behavioral results for posttraining anisomycin, as requested, and in the context of the presentation of the effects of posttraining anisomycin on long-term facilitation (LTF) (see subsection "LTM can be instated by truncated sensitization training following amnesia produced by posttraining PSI", last paragraph). We now conclude that "protein synthesis during a period of 30 min or so immediately following the 5X5HT training is critical for the normal consolidation of LTF in *Aplysia*."

*3) It is important to further assess whether test if the persistence of \"priming,\" is reflected by the persistence of early DNA methylation, or if DNA demethylation and remethylation occur for long periods after training (as suggested by David Sweatt\'s 2010 analysis of fear conditioning).*

*3a) How is LTF and \"priming\" in response to full LTM training are affected by DNMT inhibitors applied 4 hours after training? The 4-hour time point is suggested because Montarolo and colleagues (1986) have shown after 4 hours, 24 hr LTF induced by 5X5HT treatment is independent of new protein synthesis.*

*Again, in explanation: The work here shows that whereas inhibition of protein synthesis could be \"overcome\" or rescued by an abbreviated additional training protocol (three bouts of tail shocks delivered at 24 hours), inhibition of DNA methyltransferases produced a memory deficit that could not be rescued by the same abbreviated additional training. Does this suggest memory maintenance requires persistent DNMT activity, as found by Miller, Sweatt and colleagues, 2010? Or is DNA methylation the signal that persists after protein synthesis inhibition (and blockade of reconsolidation) and that primes memory formation when there is additional abbreviated training? (These possibilities are not mutually exclusive.) Rajasethupathy et al. found that piRNAs are upregulated by 5-HT application during long-term facilitation, and these piRNAs promote methylation of the promoter for the inhibitor CREB, CREB2, suppressing its expression. The authors\' data suggest that maintenance of DNA methylation does not require protein synthesis, but rather is perhaps upstream from protein synthesis, which is consistent with the Rajasethupathy results. Nevertheless, the authors suggest that perhaps \"PSI during training obstructs DNA methylation required for memory consolidation,\" citing Rajasethupathy et al. This proposal should be revised, as it contradicts the authors\' data and also the Rajasethupathy et al. findings. Importantly, the Rajasethupathy et al. results are consistent with the understanding that memory formation is regulated by a balance between repressors and activators of memory consolidation; the \"priming effect\" on memory formation by subsequent abbreviated training protocol observed here could involve suppression of expression of CREB2 due to DNA methylation, a possibility that the authors should discuss.*

In response to the reviewers' queries regarding the potential role of DNA methylation in the consolidation and maintenance of LTM in *Aplysia*, we have added a new set of experiments in which we apply a DNMT inhibitor at 24 h and 5 d after the original (5X) sensitization experiment ([Figures 6](#fig6){ref-type="fig"} and [8](#fig8){ref-type="fig"}). The revised manuscript also includes experiments to control for nonspecific effects of the DNMT inhibitor (RG108) used ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}); to ensure that the disruptive effect of DNA methylation cannot be attributed to reconsolidation blockade ([Figure 7](#fig7){ref-type="fig"}); and to show that the disruptive effect of DNMT inhibition on LTM does not preclude the reestablishment of LTM by the full (5X) training ([Figure 9](#fig9){ref-type="fig"}). The new results demonstrate that inhibition of DNA methylation abolishes LTM---as indicated by the inability of truncated training to instate/reinstate LTM---regardless of when it is carried out. These results demonstrate a striking, unambiguous dependence of both the consolidation and maintenance of LTM on DNA methylation. As we conclude, our results imply that the consolidation of LTM requires the initial silencing of one or more genes that encode memory repressors; moreover, the maintenance of LTM also depends on the persistent silencing of this gene/these genes.

*3b) Similarly, if ongoing DNA methylation provides the molecular component of memory/priming that persists after protein synthesis inhibition, or after blockade of reconsolidation, one would predict that late treatment with a DNMT inhibitor, e.g. at 19 or 20 hours, might block the efficacy of abbreviated training in producing full LTM detectable at 48 hours. The authors should discuss this point.*

*The authors should also present additional results with RG108, to include in [Figure 4](#fig4){ref-type="fig"}, indicating how DNMT inhibition of \"primed\" preparations shortly before abbreviated training at the 24-hour time point affects the ability of the abbreviated training to restore LTM. Is there a reinforcement of a pre-set DNA methylation pattern required for LTM restoration? If LTM restoration is independent of ongoing DNA methylation, then the authors would have their strongest evidence for DNA methylation being a mechanism for priming. If ongoing DNA methylation is required LTM restoration, this would also be very interesting.*

As we point out (Discussion, seventh paragraph), a unique feature of the present results is that we can now make a direct comparison, for memory of one specific form of learning, of the disruption of LTM produced by reconsolidation blockade (Cai et al., 2012), inhibition of PKM (Cai et al., 2011), and inhibition of DNA methylation (present results). We show that of the three forms of mnemonic impairment, only inhibition of DNA methylation results in the inability to reinstate memory by truncated (3X) training (see Chen et al., 2014). In light of the present results, this implies that the priming signal (see our response to point 1 above) persists after reconsolidation blockade and inhibition of PKM, but is eliminated by inhibition of DNA methylation. This conclusion has important general implications for thinking about how memories are maintained.

*4) The authors should perform one experiment and discuss candidate molecular cellular processes controlled by abbreviated (3X5HT) training in naive and primed preparations. In primed preparations (24 hours after PSI delivered 15 minutes after 5X5HT training), what does protein-synthesis inhibition before and after 3X5HT stimulation do to LTM consolidation?*

*In explanation, the abbreviated training protocol with three bouts of tail shock is likely to initiate some of the same processes that contribute to memory formation as the full five-bout protocol. It is important to acknowledge that the abbreviated protocol may be sufficient for formation of memory because some residual components of memory persist after treatment with the protein synthesis inhibitor, such as DNA methylation and to provide at least one or two simple experiments to restrict the possible range of processes recruited by 3X5HT training.*

We agree with the reviewers that the molecular processes regulated by the 3X training is an important issue and one that we are starting to investigate. We respectfully request, however, that we be allowed to publish without having to experimentally address this particular issue. We believe that such experiments are outside the scope of the paper and we hope the reviewers will agree.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*Essential revisions:*

*1) Is the recruitment of DNA methyltransferases that contribute to long-term memory consolidation and maintenance downstream of protein synthesis? This is an unresolved issue, and its discussion in the manuscript needs to be improved and clarified.*

*1a) The authors state: \"An intriguing possibility, suggested by data from experiments on Aplysia sensorimotor cocultures (Rajasethupathy et al., 2012), is that PSI during training obstructs DNA methylation required for memory consolidation. To test this possibility, we performed experiments in which the DNA methyltransferase (DNMT) inhibitor RG108 was injected into animals just before the onset of 5X training.\" As emphasized in the original review, neither the results of Rajasethupathy and colleagues nor the interpretation those authors presented suggested that protein synthesis is upstream of DNA methylation. It would be misleading to reference their paper in this context.*

*1b) The concept that DNA methylation provides a persistent molecular memory mechanism that survives posttraining inhibition of protein synthesis is exciting and is effectively tested by the authors\' new experiments. However, none of their experiments directly tested whether PSI during training affects DNA methylation. Without direct data, whether the early protein synthesis (during training) and the DNA methylation are upstream or downstream of one another or whether they function in parallel is not clear. While there are arguments to suggest that immediate protein synthesis is upstream and later (15\<minutes) synthesis is downstream, it is important to clearly acknowledge and state this existing ambiguity.*

We have removed the reference to the study of Rajasethupathy et al. (2012) from the Introduction to the experiments presented in [Figure 4](#fig4){ref-type="fig"}. Furthermore, in the Discussion we acknowledge that we do not have any direct evidence concerning the relationship between protein synthesis and DNA methylation, and explicitly state that protein synthesis could be either upstream or downstream of DNA methylation. See Discussion, fifth paragraph.

*2) \"Our results indicate that proteins synthesized during training (early protein synthesis) play a special, heretofore unsuspected, role in the consolidation of LTM.\" This is a bit of an overstatement and does not clarify exactly what is unsuspected (the priming function?). The early phase of protein synthesis has long been understood to be essential for memory consolidation. Certainly, Barzilai et al. (1989) suggested that the early wave of protein synthesis reflected expression of immediate early genes, including transcription factors that would initiate expression of genes critical for synaptic plasticity and learning. C/EBP is one such immediate early gene transcription factor in both Aplysia and mammals. It is important to put the priming mechanism that the authors identify into the context of immediate early gene expression. One mechanism suggested by Rajasethupathy et al. 2012 is that DNA methylation inhibits expression of CREB2, a suppressor of memory formation. With CREB2 expression reduced, initiation of the CREB-dependent transcription of immediate early genes, including transcription factors, can be enhanced. It is likely that the expression of these transcription factors represents the first wave of protein synthesis, which is sensitive to protein synthesis inhibitors during the training protocol. Rajasethupathy should be cited and this section of the manuscript clarified.*

We are grateful to the reviewer for these insightful comments, and we have modified the revised manuscript to accommodate his critique. Specifically, in the revised manuscript we discuss the possible role of immediate-early genes in the priming component of memory, and we cite the study by Barzilai et al. (1989) as support for the idea that memory consolidation in *Aplysia* depends on early protein synthesis. Moreover, we specifically name C/EPB as one of the immediate-early genes whose expression is involved in this early protein synthesis. Finally, we point out that CREB2 is a likely candidate for the target of the DNA methylation that our results show is a critical component of memory consolidation, and cite the study by Rajasethupathy et al. (2012). We believe these changes have significantly enhanced the sophistication of our discussion of the possible mechanisms of early protein synthesis and DNA methylation in the paper. See Discussion, first paragraph.
